Discharge of Cd-containing pollutants into the soil, like industrial wastes (gas, water, etc.), agricultural wastes, and sewage produced by human activities, ultimately contaminates the paddy fields and becomes a more and more serious and common problem across the world. Therefore, it is necessary and urgent to treat Cd pollution on rice. Cd pollution on rice is mainly and directly caused by soil contamination, so Cd-polluted paddy soil is the key to remedy [10] .
Traditional physical and chemical remediation methods that are still used today consume large amounts of energy or chemicals and incur high economic costs [11] . Some passivating agents can even cause adverse effects on physical and chemical soil properties during remediation, thus affecting the the soil for subsequent use [12] . Microorganisms are in a big quantity with large specific surface area and high metabolic activity. They interact with heavy metals through a variety of mechanisms: biosorption, cellular sequestration, antioxidant defense, crystallization, chelation, chemical form change, ion exchange, precipitation inside and outside the cell and cell wall, or pigment adsorption to reduce the heavy metal contents in the environment or change their biological effectiveness [13] [14] [15] . Thus, microbial remediation is better than the physical and chemical remediation technologies due to its simple operation, low treatment cost, and desirable effect. A large amount of polysaccharides and glycoproteins were included on the fungal cell wall, such as dextran, chitin, mannan, mannan phosphate, etc. Those polymers provide a number of metal ligands, which can fully combine with heavy metals and reduce the heavy metal ions that are active and free in the soil, which in turn reduces the content of the pollutants that are available in the soil. In addition, there occurs no secondary pollution to the environment. Most fungi have the mycelial structure and the mycelium can penetrate into the polluted soil and have physical and chemical reactions with heavy metals. Fungi, due to their wide source distribution, low sensitivity to the changes of nutrients, ventilation, temperature and pH, and easy fermentation, are considered to be the most suitable organisms for mass production at a lower cost. Multiple advantages in economy, ecology, and production give fungi great potential in heavy metal pollution mitigation [16] . Because of the long-term selection effects of the environment, Cd-resistant fungi with strong Cd adsorption capacity may exist in a Cd-polluted environment. Fungi with high Cd resistance and Cd adsorption capacity that have been screened from wastewater and soil in industrial and mining areas at home and abroad include aspergillus foetidus [17] , penicillium, and yeast [18] , but only a few have been screened from paddy soil. Local Cd-resistant microorganisms with high adsorption capacities for heavy metals can better adapt to the special environment of heavy metal-polluted paddy soil [19] , so as to play a role in biological adsorption. Therefore, screening Cd-resistant fungi in Cd-polluted paddy soil and studying their Cd adsorption characteristics have important theoretical and practical significance in the remediation of Cd-polluted paddy soil. This current research screened and identified Cdresistant fungi from Cd-polluted paddy soil in Changning, Hunan Province, China, and studied their Cd adsorption capacities, their resistance to Cd and other common heavy metals, and evaluated the heavy metal resistance of the strains with minimum inhibition concentration as the heavy metal resistance index [20] . This research also studied the external performance of Cd-resistant fungi responses to Cd stress, and their role in growing the rice safety and rice detoxification under Cd stress. Our long-term aims are to obtain potential strains for effective treatment of Cdpolluted soil, to expand the fungus resource library for microbial remediation of the Cd-polluted paddy soil, to explore the growth conditions, and finally to provide the theoretical basis for cultivating and further exploring Cd pollution treatment in a paddy environment by the fungal strains.
Material and Methods

Isolation of the Cd-resistant Fungus
The soil sample was collected from the paddy field in Xiangjiang River Basin in Xintong Village, Songbai Town, Changning City, Hunan Province, China (26°34′36.27″N, 112°36′08.73″E). Two kg of 5 to 20-cmdeep soil was collected from the paddy field from one lateseason cropping. The soil was mixed well and then put in two sterile sealable bags. One bag was put in an ice box and brought back to the lab for storage at 4ºC and the other aired to determine the heavy metal contents and pH of the soil. Ten mg of the 4ºC stored soil was dissolved in 90 mL of sterile deionized water and magnetically stirred for 30 min to prepare the soil suspension. One mL of the soil suspension was taken and inoculated into PDA liquid medium containing 2 mM of Cd(NO 3 ) 2 . Streptomycin (30 mg/L) was added to inhibit fungal growth. The Cd-resistant fungus was accumulated in 28ºC in an oscillation incubator under 150 rpm, after which 100 μL of Cd-resistant fungus enrichment culture diluent was coated on 2 mM Cd 2+ PDA plate. After 7d at 28ºC, the colonies were well grown and switched to the Cd 2+ PDA plates at higher concentrations (4, 8, and 16 mM) sequentially for gradient domestication and cultivation to further screen, isolate, and purify the Cd-resistant fungi. Finally, the strains with strongest resistance to Cd were obtained as the test strains for further research.
Cd-Resistant Fungus Identification
Morphological Analysis
CN35 was inoculated on Czapek yeast autolysate agar (CYA), malt extract agar (MEA, Oxoid), oatmeal agar (OA), yeast extract sucrose agar (YES), and CYA with 5% NaCl (CYAS) on medium plates (diameter: 90 mm) using the three-point inoculation method [21] . After 7d at 25ºC, the colony diameters were measured and checked for the sporulation situation by observing the colony color at front and back surfaces and the soluble pigments. The colony material grown on MEA plate for 7d was observed microscopically. The colony material grown on the OA plate was used for observing ascocarp, asci, and ascospore. Microstructure observation was carried out by scanning electron microscopy (SEM).
DNA Extraction, PCR Amplification, and Phylogenetic Analysis
DNA was extracted from a week-old colony grown on PDA using an Omega E.Z.N.A. Fungal DNA Kit (Omega, USA). One-hundred mg of fungal hypha was picked using a sterilization toothpick. The most widely used fungus tag sequence was used for an internal transcribed spacers region (ITS) sequence. β-tubulin (BenA) was the best choice for the fungus secondary identification tag [22] . We used ITS universal primers ITS-1 (5'-TCCTCCGTAGGTGAACCTGCGG-3') and ITS-4 (5'-TCCTCCGCTTATTGATATGC-3') [21] . Based on the β-tubulin sequences of GenBank, a pair of primers was designed as follows: Bt2a (5'-GG TAACCAAATCGGTGCTGCTTTC-3') and [23] and used for amplification. PCR reaction conditions were as follows: degeneration at 95ºC for 5 min, cycling 35 times, denaturation at 94ºC for 45 s, annealing at 55ºC for 45 s, extension at 72ºC for 1 min, 72ºC for 7 min, and termination at 10ºC. The sequences of PCR products were determined by Sangon Biotech Engineering (Shanghai) Co., Ltd. The ITS and β-tubulin gene sequences of the fungus were submitted to GenBank and analyzed by the BLAST search tool. ITS and BenA gene sequences were compared to obtain t he reference sequence for phylogenetic analysis, for which we used the neighbor-joining (NJ) method in Mega 5.0.
Cd Adsorption Capacity Test
The adsorption process was performed in a 25 mL conical flask with 100 mL of PDA liquid medium. CN35 grown for 7d on the plate without Cd 2+ was scraped into a flask. After growing for 7d at 150 rpm and 28ºC, it was centrifuged at 8,000 rpm for 15 min. Then, 0.1 g, 0.5 g, 1 g, and 1.5 g of hypha (taking 1 g wet hypha and putting it in the oven for drying at 60ºC until the hypha weight was constant, calculating the dry weight of the wet hypha) were taken under aseptic conditions to inoculate into 100 mg/L and 200 mg/L Cd 2+ PDA liquid mediums, respectively. To avoid adsorption of the Cd 2+ by the medium, 100 mg/L and 200 mg/L Cd 2+ PDA liquid mediums without hypha were taken as the control, respectively. After growing for 7d at 150 rpm and 28ºC, they were centrifuged at 8,000 rpm for 15 min. The Cd 2+ concentrations in the supernatants were determined using atomic absorption spectrophotometry. We calculated Cd adsorption rates of the strains using the following formula [24] . All the tests were repeated twice and we used the averages of the results for data analysis. The Response of CN35 to Cd 2+ Stress of Different Concentrations CN35 was inoculated on Cd 2+ PDA and CYA plates (to avoid interference of other heavy metal ions on results, the components required by the medium-trace elements Zn and Cu were not added) at 0, 0.25, 0.5, 1, 2, 5, 10, 14, 20, and 40 mM, respectively, with three replicates per treatment. After growing at 28ºC for 7d, the diameters were determined and we recorded the sporulation situation, color, and pigment secretion differences.
Effect of pH and Temperature on Strain Growth
and Cd Resistance CN35 was inoculated on 2 mM PDAs with/without Cd 2+ with pH values of 4.0, 5.0, 6.0, 7.0, and 8.0 according to the above method, and repeated twice each. CN35 were cultivated at 28ºC inversely. After 7d, the diameters of the colonies were determined and the colony differences observed. CN35 was inoculated on 2 mM natural pH PDAs without Cd 2+ /with Cd 2+ and cultivated at 37ºC, 32ºC, 30ºC, 28ºC, 24ºC, and 20ºC, respectively, repeating twice each. They were cultivated inversely for 7d and then the diameters of the colonies were determined and the colony difference observed.
Rice Growth Security Detection of CN35 and its Detoxification Effect on Rice under Cd Stress
The hypothesis for microorganisms to be used in the paddy field for Cd pollution control is its security to rice growth without causing diseases or inhibiting growth. Some pathogenic penicillium fungi often cause crop rotting and pathogenesis in nature. Some penicilliums even produce toxins affecting crop growth. Seedlings are sensitive to environmental stress conditions, so it is necessary to examine the pathogenic condition of CN35 on rice and its influence on seedling emergence, plus radical and seedling growth. The experiment was processed according to the design test in Group A. At the same time, Group B was designed to be processed to explore whether CN35 has the detoxification effect on rice under Cd stress. The planting soil was collected from the paddy field of the Hunan Academy of Agricultural Sciences (Cd content: 0.28 mg/kg). Two hundred mg of air-dried soil was added in 200 ml beakers. CN35 fermented liquid (CN35 was inoculated on PDA liquid medium at 150 rpm and shaken at 30ºC to grow for 7d) was added before sowing and stirred well. Ten germinating rice seeds were added (2/3 of the seed length) to each beaker. Each treatment was repeated twice. Group A treatment included 0, 20, 40, 60, and 80 mL of CN35 fermented liquids. In Group roup B treatment: CdCl 2 solution was added in each beaker to bring the Cd 2+ concentration of the soil to 200 mg/kg, and 0, 20, 40, and 80 mL of CN35 fermented liquids were added to CdCl 2 solution, supplemented with sterile deionized water for each to make the total volume 120 mL, mixing thoroughly and then pouring into the beaker and stirred well. Germinating rice seeds were cultivated in Group A and B solutions alternating for 12 h day (32ºC) and night (26ºC). After 2d we calculated rice seedling emergence rates. After 8d we calculated the lengths and fresh weights of rice seedlings and the fresh weights of the roots. Then we obtained the average seedling and root lengths.
results and Discussion
Soil Sample and Isolation of the Cd-Resistant Fungus
Total contents Cd, Cu, Zn, and Pb in the soil sample were 17.73, 32.42, 103.9, and 58.2 mg/kg, respectively, and the pH of the soil remained at 6.1. The Cd-resistant fungi were screened step by step by using the Cd ion concentration gradient domestication method. Finally, 10 fungal strains were obtained from a 2 mM Cd 2+ plate and they were transferred to Cd 2+ plates at 4 mM and 8 mM. Among them, the resistance of six strains was reduced gradually and that of the other four strains was still strong. The four strains were transferred to a 16 mM Cd 2+ plate. Among them, three strains did not grow and only one grew. The strain with the strongest Cd resistance was selected as the test strain for further research, which was numbered as CN35.
The collected soil was acidic and polluted by Cd but not by other heavy metals. The fungi with Cd resistance capacity of 2 mM (six strains), 8 mM (three strains), and 16 mM (one strain) were screened from Cd-polluted soil. These results indicated that microorganisms in Cd-polluted soil had different Cd resistance levels.
Identifying the Cd-Resistant Fungus
Morphological Characteristics
Colony characteristics: the CN35 colony, especially its center, was in the loose floccus or rope shape on the CYA, MEA, and OA plates. It showed low, clear, and neat edges and large amounts of green spores. The edge hypha was white and at a later growth stage it became dark green with red droplets on the surface (Fig. 1a) . It was white to reddish brown on the back of the CYA plate and sage green to reddish on the back of the MEA and OA plates (not shown in the picture). CN35 could grow on the CYAS plate with its salt-resistant ability.
Micro morphological characteristics: there were broom-like branch wheels on the tip of conidiophore that were mainly bicyclic. The vial was in the lanceolate shape. The chain-like globular conidias were produced at the top of the sterigma with diameters of 2.5 to 3 μm (Fig. 1b) .
The hypha had the septum (Fig. 1c) . Those morphological characteristics were consistent with those of penicillium. No ascocarp was observed on OA where CN35 grew for 14d. 
Comparison of ITS and BenA Gene Sequences and Phylogenetic Analysis
The comparative analysis of the sequences in the NCBI BLAST showed that up to 99% homology of ITS and BenA gene sequences of CN35 to Penicillium sp. and its teleomorph sp. Talaromyces sp. The phylogenetic diagrams of the ITS sequence and BenA gene sequence were constructed using MEGA5.0 software (Figs  2-3) , which confirmed that CN35 was very close to the phylogeny of Penicillium sp. and Talaromyces sp. Based on the morphological observation and molecular biological analysis results, CN35 was preliminarily identified as belonging to Penicillium sp. [25] . The morphological characteristics of CN35 with strongest resistance were consistent with those of Penicillium sp. fungi. The sequence was amplified based on the ITS region and BenA gene sequence, which are the most widely used in fungal identification. The phylogenetic tree was constructed and based on morphological characteristics and phylogenetic analysis, and CN35 was preliminarily identified to be Penicillium sp. fungus.
Cd Adsorption Capacity of CN35
In the medium where the initial concentration of Cd 2+ was 100 mg/L without hypha, the concentration of Cd 2+ stayed at 95.77±2.6 mg/L. For the medium where the initial concentration of Cd 2+ was 200 mg/L, the concentration of Cd 2+ remained at 196.87±5.11 mg/L. From Fig. 4 , when the initial concentration was 200 mg/L and 1.5 g of wet hypha was added (the moisture content of the fresh hypha was 83%), the Cd adsorption rate was the highest. The difference was not significant between Cd adsorption rates when adding 0.5g and 1.0g of wet hypha at the same initial concentration. When the adding amount of hypha was fixed, the Cd adsorption rate of CN35 was greater in the medium with the concentration of Cd 2+ of 200 mg/L. When the initial concentration of Cd 2+ was 200 mg/L, after adding 0.5g of hypha, the Cd adsorption rate of CN35 was increased compared with that when 0.1g of hypha was added. When the initial concentration of Cd 2+ was fixed, the Cd adsorption rate of CN35 was increased with the increased amount of adding hypha. However, if it continued to increase the amount of hypha, the increased Cd adsorption rate showed no significance. The Cd adsorption rate increased with increased concentrations of Cd 2+ , at the same hypha amount. The highest adsorption rate detected was 83.56%, when 1.5 g hypha was added to 200 mg/L PDA medium.
In the Cd adsorption test, when the same amount of hypha was added, the higher the Cd 2+ concentration, the higher the Cd adsorption rate of the strain. Perhaps the higher the concentration, the greater the contact area of hypha with Cd ions -which is beneficial for absorbing more Cd
2+
. When the initial concentration of Cd 2+ was constant, the Cd adsorption rate of CN35 did not continue to increase significantly with the increasing weight of hypha. This might be due to the limited nutrients that prevented the infinite reproduction of the strains. Then the amount of hypha no longer increased significantly, and neither did the contact area between the hypha and Cd
. As a result, the Cd adsorption rate did not increase significantly. For 100 mL PDA medium at 200 mg/L, the addition of only 0.3 g (dry weight) of hypha could make the Cd adsorption rate reach the maximum of 83.56%. Many Cd-resistant fungi screened from the Cd-polluted environment showed strong Cd adsorption capacity, such as Cd-resistant penicillium. Dugal [26] and Hemambika [27] obtained the Cd-resistant penicillium strains from the industrial factory and electroplating industrial park that were polluted by Cd. The Cd-resistant fungi were screened from the Cd-polluted paddy soil, which could achieve a significant Cd adsorption effect by adding only a small amount of hypha. This proved that penicillium had the high Cd adsorption ability and could be used as potential fungi for Cd-polluted soil remediation.
Cd Resistance and Other Heavy Metal
Resistance Test CN35 could barely grow on the Cd 2+ plate at 45 mM. When the concentration of Cd 2+ was 46 mM, no colony growth was observed. Thus, the MIC value of Cd was 46 mM and the highest resistance of CN35 strain to Cd 2+ was up to 45 mM. Only a few microorganisms had such a high level of Cd resistance ability [17] .
According to Fig. 5 , with the higher concentrations of heavy metal ions, the diameters of the colonies decreased, indicating that various heavy metals showed the inhibitory effects on the growth of CN35 strain. When Cu 2+ concentration was 20 mM, no colony growth was observed. When Pb 2+ and Zn 2+ concentrations were 80 mM, the colonies could grow, but were obviously inhibited. There was only a small amount of hypha without colony. The inhibitory effect of Pb 2+ on CN35 was smaller than that of Zn
2+
. The MIC values (mM) of Cu, Zn, and Pb to CN35 were 20, >80, and >80, respectively. MIC value indicate the resistance level of CN35 strain to heavy metals. Thus the resistance of CN35 to the abovementioned heavy metals was ranked as Pb As several other heavy metals were found in the Cd pollution source, Cd-polluted soil is often polluted by several heavy metals. The MIC values of Pb, Zn, and Cu were >80, >80, and 20 mM, respectively. They were much higher than the secondary standard concentration , but Cd 2+ seems to increase the red pigment. On PDA, the surface of the control colony was covered with light green conidiums, among which the color of central spores was deep. When the concentration of Cd 2+ was greater than 0 and smaller than 5 mM, the green of the colony deepened and the white hypha at the end of the colony was extended outward. With increases in Cd 2+ concentrations, the conidiums of the colony were reduced. When the concentration was 5 mM, only sparse spores existed at the central surface of the colony and the front of the colony was red (Fig. 6a) . When the red colony was transferred back to the Cd-free plate, it was grown well with neat surface and green in color (not shown in the picture). On CYA (without trace elements), the control colony was yellow, and the colony turned red, which deepened with the increase of the Cd 2+ addition (Fig. 6b) . On the back of the colony (Fig. 6c) , the color of the control colony was red in the center. With the increase in Cd 2+ concentration, the red scope extended from the center to the outside, the color deepened, and the white edge was reduced. The colony morphology was also changed with the concentration of Cd 2+ and the combination between the colony and the medium was correlated. For example, when the concentration of Cd 2+ in PDA was 10 mM, the colony was neat. When at 20 mM, the colony surface changed to umbilicate bulge (Fig. 6d) , and the back was cracked radially.
The strain grew fast on the PDA solid medium. After growing at 28ºC for 3 d, the colony diameter was about 22 mM. After 12 d, the plate with the diameter of 9 cm was covered with colonies. The diameter of the colony on the plate medium could reflect the biomass of fungal growth [9] . Cd 2+ had an inhibitory effect on colony diameter. Cd 2+ at 0.25 to 0.5 mM demonstrated little impact on the colony diameter of CN35, while the Cd 2+ concentration was ≥2 mM. Different concentrations of Cd 2+ showed significant inhibitory effects on the colony diameter of CN35 (p<0.05, the same below; Fig. 7) . The difference between the diameter and the control was significant, and when the concentration of Cd 2+ reached 40 mM, the colony could still grow well, indicating that the strain had strong Cd resistance.
Since excessive heavy metals are not necessary for a microorganism to live, they often respond to heavy metal stress by changes in growth, morphology, and microstructure, and production of secretions [28] . Some changes that can help adapt to the heavy metal-polluted environment may enhance their resistance. It has been reported that the colony color of Cd microorganisms on the medium with a certain concentration of Cd 2+ is different from that of the control, which might be due to Cd 2+ inhibiting or promoting the secretion of Cdresistant microorganism pigments, which may be one of the reasons for its heavy metal resistance [29] . On two mediums, the colony colors of CN35 both changed with the concentration of Cd 2+ and the secreted red pigment increased with increases in Cd 2+ concentration, which was consistent with the phenomenon that the penicillium with stronger heavy metal resistance could produce more pigments, as has been studied by Sarita Nazareth [28] . The strain in the current research showed stronger resistance, while some pigments could adsorb heavy metals [15] so as to reduce the concentration of effective heavy metals and the toxicity to microorganisms. This might also be one of the reasons for the high Cd resistance and adsorption ability of penicillium in the current research. Further study should be done on the ingredients of the red pigment secreted by the strain to explore whether it has the effect of adsorbing heavy metals or changing the biological effectivness of heavy metals. If so, it can be considered as a heavy metal pollution control agent and therefore have far-reaching significance in Cd-polluted microorganism remediation. If it is possible to study the genes responsible for the strain color change with the concentration of heavy metal ions and rebuilding the gene engineering strain, it will be of great significance in the detection of heavy metal pollution where the color changes more sensitively with Cd 2+ and the functions are optimized to develop the indicator strain. The fungus can survive in the toxic heavy metal-polluted environment due to its inherent biochemical and structural properties and physiological or genetic adaptation, including morphological change, biological efficacy, and toxicity of heavy metals [15] . When the concentration of Cd 2+ reaches a certain value, changes in the morphology of the CN35 colony occur, which may be associated with its heavy metal resistance [30] . The radial growth of the colony is inhibited by heavy metals, most likely because of the toxic heavy metals that accumulate in the hypha or enter into the spores to reduce or inhibit spore germination [31] .
Test Result Analysis of the Influence of pH and Temperature on CN35 Growth and Its Cd Resistance
Fungal growth is closely related to the acidity and alkalinity of the environment. In a Cd-polluted environment, the pH value is usually very low. Thus, our study investigates whether the strain has the ability to adapt to an acidic environment. According to Fig. 8, CN35 could grow well on the PDA mediums without and with Cd 2+ (at a concentration of 2 mM) under the initial pH value of 4.0 to 8.0. On the Cd-free medium, when the pH was 4.5 and 5.0, the diameter of the colony was the largest and vice versa when the pH was 7.0 and 8.0. Also, significant differences in CN35 growth were observed when pH was 6.0. These results indicate that it grows better under acidic conditions. The acidity was significantly lower during isolating and screening of Cd-resistant fungus CN35, indicating that the selection of Cd-resistant fungus was mainly affected by Cd 2+ rather than acidity and alkalinity. On the medium with Cd, the colony diameter had a similar relationship with pH value, indicating that pH did not affect Cd resistance ability.
In the growth process of microorganisms, the temperature affects enzyme activities, plasma membrane fluidity, and dissolution of substances, thus resulting in changes in growth rate. From Fig. 9 , CN35 could grow under the temperature ranges of 20-37ºC, but it grew slowly at a temperature lower than 20ºC. Without Cd, the best temperature was 30ºC. On the medium with 2 mM Cd 2+ , it grew best at 30ºC. When there was Cd 2+ , the colony growth was inhibited, but the growth trends on the mediums with and without Cd 2+ were basically similar. This indicates that temperature has a similar influence on strain growth and Cd resistance.
The temperature and pH of the environment are two factors that are closely related to the growth of microorganisms. The optimal temperature and pH for growth can provide a theoretical basis for laboratory cultivation and mass production. An acidic environment is suitable for growth of CN35. When pH was 4, CN35 shows its growth at its best. At this time, the pH value was lower than that of the medium when screened with Cd-resistant fungus. This indicates that the selection of a Cd-resistant fungus is mainly affected by Cd 2+ rather than acidity and alkalinity. The Cd-polluted soil is usually acidic and a large-scale soil sample measurement has showed that the pH in Cd-polluted soil is usually between 4.0 and 6.5, and the Cd-tolerant fungus can grow well under acidic conditions. Studies have shown that penicillium is a highly efficient battery of biogeochmecial agents and the soluble, grainy heavy metals in the special environment (such as low pH value) [32] . Therefore, the characteristic of CN35 is an advantage for its application in treatment of Cd-polluted paddy field treatment. Paddy soil is exposed in the wild, so its temperature varies greatly with the seasons. CN35 can grow at 20-37ºC. Its adaptive nature to a wide range of indoor temperatures may contribute to its adaption to paddy fields. In medium containing Cd, the changing trend of colony growth with temperature and pH is consistent with that in the medium without Cd. These results indicate that pH does not affect Cd resistance.
Influence of CN35 Strain on Rice Growth and Its Detoxification on Rice under Cd Stress
No diseases and symptoms were found in the process of rice growth. As shown in Table 1 , seeding emergence rates of control without Cd pollution and the group that adds CN35 fermented liquid were both 100%, indicating that CN35 did not affect the rice seeding emergence rate. When 20 mL of fermented liquid was added, seedling length increased only slightly. If 20 to 60 mL of fermented liquid was added, seedling fresh weight increased significantly compared with that of the control. However, if 80 mL of fermented liquid was added, it showed no significant differences in seedling growth compared with the control. The fresh weight of the root also changed with the adding amount of the fermented liquid. When 20 mL of fermented liquid was added, root fresh weight showed no significant differences as compared with the control. When 40 to 80 mL of fermented liquid was added, root fresh weight increased significantly. When 80 mL of fermented liquid was added, root fresh weight increased by two-fold compared with the control. When Cd 2+ was added at a concentration of 200 mg/kg, rice growth was significantly inhibited. However, the addition of fermented liquid changes the growth situation of rice. The addition of 20 to 80 mL of fermented liquid significantly increased seedling length and root fresh weight. The effect on growth and fresh weight was more apparent when 40 mL or more fermented liquid was added. However, the fresh weight of the root was increased significantly only when 20 mL of fermented liquid was added. With the increase of fermented liquid addition, root fresh weight was reduced significantly and became lower than the control. When taken into consideration, the addition of 40 mL of fermented liquid (per 200 g soil) was relatively good for both Cd detoxification and rice growth.
When 60 mL or more fermented liquid was added, it showed a significant inhibitory role on the growth extension of the rice seedlings. But the fresh weight of both the seeding and root was increased, likely due to the CN35 activities that made the seedlings strong. There were few reports that discussed the effect of penicillium in improving plants growth. For example, Hamayun [33] found that penicillium had a significant role in the growth promotion on Waito-c rice and Crown daisy and secreted nine kinds of gibberellins. The results obtained by Wakelin et al. [34] demonstrated P. radicum as an inoculant that could increase wheat growth rate. We still need to study whether the Cd-resistant fungus can secrete hormones that can promote plant growth in the next stage. When 20 to 80 mL of fermented liquid was added, both the length and fresh weight of rice seedlings were increased significantly under Cd 2+ stress at 200 mg/kg. When more than 20 mL of fermented liquid was added, root biomass was reduced. This might be because high doses of fermented liquid adsorbed much Cd 2+ and reduced Cd 2+ -induced stress in rice root, so the rice foot fully absorb the nutrient elements in the soil, such as phosphorus [35] and nitrogen [36] , and delivered them to the above-ground parts of the rice, making them grow rapidly. The synthesis of a large amount of organic matters increases the fresh weight of rice seedlings and finally improved rice growth. This indicates that CN35 fermented liquid has a detoxification effect on rice under Cd stress. CN35 fermented liquid showed no pathogenicity on rice. A moderate amount of fermented liquid has no inhibitory effect on seedling emergence rate and rice growth and hence meets the basic requirements for its application in Cd-polluted paddy soil remediation. Adding 20 mL of fermented liquid to every 200 g of soil has detoxification effects on rice under Cd stress. This in turn provides a theoretical basis for rationally utilizing the Cd-resistant penicillium to treat the Cd-polluted paddy soil and improve the rice growth and safety to use the fungal agent in the polluted soil.
Conclusions
We screened and isolated a cadmium-resistant strain from the cadmium-polluted paddy soil and established that this strain has Cd adsorption capacity, and then preliminarily identified this functional strain to be Penicillium sp. (named CN35). Furthermore, we also found that CN35 showed resistance to other common heavy metals such as Pb, Zn, and Cu. The large-scale culture could be easily achieved, as CN35 could grow fast and well under conditions of a broad temperature (24-37ºC) and pH (4-8) ranges. The fermentation liquor of CN35 was demonstrated to have no adverse effects on rice seed germination and seedling growth. On the contrary, 40 mL of the fermented liquor (per 200 g soil) could improve rice growth, in addition to its good detoxification effect on Cd-stressed rice. Taken together, the Cd-resistant fungus CN35 has potential to be used for treating Cd-polluted rice paddies.
